Nanocatalysts consist of small size-selected clusters adsorbed on uniform sites of a support material. Here, we focus on a simple model system, which is fabricated by soft-landing atomic Pd ions on oxygen vacancies (F-centers) of a MgO(1 0 0) surface (Pd 1 /MgO(F s )). We used thermal desorption and infrared spectroscopies (TDS, FTIR) to study the acetylene polymerization and the CO oxidation catalyzed by this system. In one-heating-cycle experiments, only the formation of benzene is observed during the polymerization reaction and the combustion of CO leads to the formation of CO 2 detected at 260 and 500 K. Experimental results in combination with ab initio calculations reveal the mechanisms of these reactions and demonstrate the role of surface defects in nanocatalysis.
Introduction
Molecular-scale understanding of the energetics and mechanisms of catalytic reactions could open new avenues to the design of catalysts with specific functions [1, 2] . In this respect nanocatalysts consisting of small size-selected clusters on uniform adsorption sites may be of special interest as small clusters reveal distinct quantum size effects manifested, e.g., in the strong size-dependent chemical reactivity of gas-phase clusters [3] [4] [5] [6] [7] . In addition, these small clusters reveal a distinct interaction with the substrate and are highly fluxional. Recent experimental and theoretical joint studies revealed e.g. the reaction mechanism of the oxidation of CO on Au 8 clusters [8] and Pd atoms [9] and the polymerization of acetylene on Pd n clusters [10] .
In this paper we focus on the chemical reactivity of palladium atoms adsorbed on oxygen vacancies of a MgO(1 0 0) thin film and we summarize and compare the reaction mechanisms of the acetylene Surface Science 514 (2002) 249-255 www.elsevier.com/locate/susc polymerization and the CO oxidation on this model nanocatalyst. A palladium atom adsorbed on an F-center is highly selective for the cyclotrimerization of acetylene and forms CO 2 via two reaction mechanisms with Pd(CO) 2 (O 2 ) and Pd(CO 3 )(CO) as precursors.
Experimental
The palladium atoms are produced by a recently developed high-frequency laser evaporation source [11] . The positively charged ions are guided by home-built ion optics through differentially pumped vacuum chambers and are size-selected by a quadrupole mass spectrometer (Extranuclear C50/mass limit: 4000 amu). We deposited only 0.5% of a monolayer Pd atoms (1 ML ¼ 2:25 Â 10 15 clusters/cm 2 ) at 90 K with low kinetic energy in order to land them isolated on the surface and to prevent agglomeration on the MgO films. The presence of isolated atoms/clusters is confirmed experimentally and theoretically. Experimentally we used nickel atoms/clusters as it is well known that they form stable metalcarbonyls. This carbonyl formation of small deposited Ni n (n ¼ 1-3) was studied by exposing the deposited clusters to carbon monoxide. Mass spectrometry experiments showed that the nuclearity of the formed Ni n carbonyls (n ¼ 1-3) is not changed [12] . The absence of, for example, Ni 1 (CO) 4 and Ni 3 (CO) after deposition of Ni 2 directly excludes fragmentation and agglomeration (Fig. 1a/b) . Second, Monte Carlo simulations revealed that under our experimental conditions, e.g. atom flux ($10 9 cm À1 ), atom density ($10 13 cm À1 ), and defect density ($5 Â 10 13 cm À1 ) on the MgO(1 0 0) films <10% of the atoms coalesce when migrating to the trapping centers. The support is prepared in situ for each experiment; thin films are epitaxially grown on a Fig. 1 . (a) Thermal desorption spectra after deposition 2% of a monolayer of Ni atoms on MgO thin films and exposing the sample to 2 ML CO. These results show that Ni(CO) 4 is formed on the surface. The Ni and NiCO species are fragmentation products during ionization of Ni(CO) 4 in the mass spectrometer. (b) Thermal desorption spectra after deposition 2% of a monolayer of Ni 2 on the MgO thin films and exposing the sample to 2 ML CO. Shown are representative species. It is interesting to note that no Ni(CO) 4 -and Ni 3 -containing species are detected. This indicates that at these experimental conditions no Ni atoms and trimers are present on the surface.
Mo(1 0 0) surface by evaporating magnesium in a 16 O 2 background [13] and subsequently annealing the oxide film to 1000 K. These films show bulklike properties. However, small amounts of defects like steps, kinks and F-centers are detected by the desorption behavior of small molecules [14] .
For the cyclotrimerization and CO oxidation on Pd atoms we first exposed, using a calibrated molecular beam doser, the prepared model catalysts at 90 K to about 1 Langmuir (L) of acetylene or 1 L of 18 ) are only physisorbed on the cluster-free MgO. This means that the MgO support is not catalytically active. In addition, the interaction of the product molecules with the model catalysts were also studied and are described in Ref. [15] .
The thermal stabilities of the deposited Pd atoms were investigated by Fourier transform infrared spectroscopy, which are found not to migrate up to around 300 K, because up to this temperature the vibrational frequency of adsorbed CO is not changing [15] . This rather high stability can be explained by the high binding energy ($3.5 eV) of Pd atoms bound to the F-centers [16] .
Results and discussion

Acetylene polymerization
Surprisingly already a single Pd atom catalyzes the cyclotrimerization reaction and the benzene molecule (C 6 H 6 ) is desorbing at 300 K. No other product molecules of the polymerization reaction (e.g. C 4 H 6 , C 4 H 8 ) are observed (Fig. 2a ). Thus this model catalyst is highly selective for the cyclotrimerization reaction. We note that on a clean MgO(1 0 0) surface none of the products is formed (Fig. 2b) .
To rationalize this result, density functional theory calculations have been performed and Gaussian-type basis sets were employed to construct the Kohn-Sham orbitals. For the Mg and O atoms of the clusters we used the all electron 6-31G basis set [17] ; the Pd atoms were treated with the 18-electrons ECP of Hay and Wadt [18] . Here we used the gradient-corrected B3LYP (Becke's-3 exchange functional [19] in combination with LeeYang-Parr correlation functional [20] ) or BP functionals (Becke's exchange functional [21] in combination with Perdew's correlation functional [22] ). For further computational details see Refs. [15, 16, 23] . The MgO(1 0 0) surface was represented by cluster models [24, 25] , an approach which has been found to accurately reproduce the electronic structure and the binding properties of surface complexes. Due to the highly ionic nature of MgO, the truncation of the lattice in cluster calculations implies the use of an external field to represent the long-range Coulomb potential. The model clusters considered have been embedded in arrays of point charges (PC ¼ AE2e) and effective core potentials in order to reproduce the correct Madelung potential at the adsorption site under study. The morphological defects and the F-centers have been described by various sets of cluster models. The positions of the surface oxide anion, of the supported metal atoms and adsorbed molecules have been optimized using analytical energy gradients. The calculations have been performed with the Gaussian 98 program package [26] .
In contrast to single crystal studies, suggesting an ensemble of a minimum number of Pd atoms necessary for the reaction [27] , already a single Pd atom adsorbed on MgO is sufficient to catalyze the cyclotrimerization reaction. This surprising result can be rationalized by studying theoretically a palladium atom adsorbed on different MgO sites represented by a cluster of ions embedded in an array of point charges. First a Pd atom was adsorbed on a five-coordinated oxygen ion on the MgO(1 0 0) terrace, O 5c , the binding energy is about 1 eV. It was found that indeed the Pd(C 4 H 4 ) complex is formed but the third acetylene molecule is not bound to the complex and therefore this configuration is catalytically inactive. Other bonding sites for the adsorption of Pd atoms are considered. On four-coordinated step or three-coordinated corner oxygen sites, O 4c and O 3c , respectively, the Pd atom binds slightly stronger with an energy of 1.2-1.5 eV, in addition, the atom is more reactive. However, on both O 3c and O 4c sites the third C 2 H 2 molecule is only weakly bound or even unbound to the Pd(C 4 H 4 ) surface complex, with the binding energy smaller than the activation energy of the formation of C 6 H 6 . Thus, Pd atoms adsorbed on O nc sites cannot explain the observed activity. This is consistent with the results of a recent experimental-theoretical study on the adsorption properties of CO on Pd 1 /MgO [15] , as the experimental results have been rationalized in terms of Pd atoms which are stabilized on oxygen vacancies (Fcenters) in neutral or charged states, F s or F þ s , respectively. The interaction of a Pd atom with the F-center is much stronger, 3.4 eV, which makes these centers good candidates for Pd binding. On F þ s centers binding energies of about 2 eV have been computed [15] . The presence of trapped electrons at the defect site results in a more efficient activation of the supported Pd atom. In fact, the complex (C 4 H 4 )(C 2 H 2 )/Pd 1 /F 5c shows a large distortion and a strong interaction of the third C 2 H 2 molecule. These results indicate that F-and F þ -centers can act as basic sites on the MgO surface and turn the inactive Pd atom into an active catalyst. Notice that the supported Pd atoms on defect sites not only activate the cyclization reaction, but also favors benzene desorption, as shown by the very small (C 6 H 6 )/Pd 1 /F 5c adsorption energy. The complete reaction path for this specific nanocatalyst is shown in Fig. 3 . The first barrier of the reaction path is the one for the formation of the intermediate PdC 4 H 4 and it is 0.48 eV only (Fig. 3) (Fig. 3) . The corresponding energy gain is very large, 3.99 eV, and mainly related to the aromaticity of the benzene ring. Once formed, C 6 H 6 is so weakly bound to the supported Pd atom that it immediately desorbs. Thus, the reaction on Pd/F 5c is rate limited in the last step, the conversion of (C 4 H 4 )(C 2 H 2 ) into C 6 H 6 . This is different from the Pd (1 1 1) surface where the rate determining step for the reaction is benzene desorption. The calculations are consistent with the experimental data. In fact, on Pd 1 /F 5c the computed barrier of 0.98 eV corresponds to a desorption temperature of about 300 K, as experimentally observed, Fig. 2a. On Pd(1 1 1) surfaces, the bonding of benzene is estimated to be %1.9 eV (from a BP calculation on a Pd 6 /(C 6 H 6 ) cluster). This binding is consistent with a desorption temperature of 500 K as observed for low coverage of C 6 H 6 on Pd (1 1 1) [28].
CO oxidation
First, we verified that the clean MgO(1 0 0) thin films are inert for the oxidation reaction; i.e., no 13 (Fig. 4a ) or vice versa [29] . When Pd atoms are trapped on the F 5c 's, preadsorption of oxygen and subsequent saturation by CO leads to the formation of carbon dioxide, with desorption peaks at 260 K and at around 500 K (Fig. 4c) . The existence of two desorption peaks in the TPR spectrum (Fig. 4c) suggests the presence of two different reaction mechanisms. Note that when 13 CO is preadsorbed prior to 18 O 2 the oxidation reaction is suppressed, indicating CO poisoning (Fig. 4b) .
The calculations were performed using the Born-Oppenheimer (BO) local-spin-density (LSD) molecular dynamics method (BO-LSD-MD) [30] with the generalized gradient approximation (GGA) [31] and employing norm conserving nonlocal scalar-relativistic [32, 33] (for the Pd atom) pseudopotentials [34] . Such calculations yield accurate results pertaining to geometries, electronic structure, and charging effects of various neutral and charged coinage metal clusters [35, 36] and nanostructures [37] . The magnesia surface was modelled by a finite region (''cluster'') of atoms, whose valence electrons are treated fully quantum mechanically (using the BO-LSD-MD), embedded in a large (2000 charges) point-charge lattice, as described in recent studies [8] .
A single Pd atom binds strongly to the oxygen vacancy (binding energy of 3.31 eV), with a slight amount of charge (0.15e) transferred to the adsorbed atom. In comparison, the binding energy of Pd atoms to terrace oxygen sites is only 1.16 eV. The enhanced binding to the F 5c is also reflected in the corresponding bonding lengths of 1.65 and 2. 17 A A for MgO(F 5c )-Pd and MgO-Pd, respectively. Binding of two CO molecules saturates the MgO(F 5c )-Pd system; occupying the MgO(F 5c )-Pd system with three CO molecules leads to spontaneous (barrierless) desorption of one of the molecules. In the most stable configuration the two CO molecules are inequivalent; one CO binds on top and the second adsorbs on the side of the Pd-atom (this top-side geometry is similar to that shown in Fig. 4I but without the O 2 ) , and the total binding energy of the two CO molecules is 1.62 eV. To study the oxidation mechanisms of CO on MgO(F 5c )-Pd the system was optimized first with coadsorbed O 2 and two CO molecules. Two stable geometric arrangements were found, with the most stable one shown in Fig. 4I where the CO molecules bind in a top-side configuration and the O 2 is adsorbed parallel to the surface on the other side of the Pd atom. The adsorbed O 2 molecular bond is stretched and activated (1.46 A A compared to the calculated gas-phase value of 1.25 A A). In addition, Fig. 3 . Energetics of the reaction path for the cyclotrimerization of acetylene to benzene occurring on a Pd atom supported on a F 5c center, Pd 1 /F 5c .
we found a stable carbonate complex Pd(CO 3 )-(CO) (Fig. 4II) , whose binding energy is 4.08 eV larger than the aforementioned Pd(CO) 2 (O 2 ) complex. These complexes were identified by comparison of calculated and spectroscopically measured CO vibrational frequencies [9] . Two reaction mechanisms are proposed corresponding to the two CO 2 peaks observed experimentally (Fig. 4c) . At low temperatures the two relevant precursors are shown in Fig. 4I and II. Corresponding to the 260 K CO 2 desorption peak we propose the following reaction mechanism. In a competitive process, CO desorbs or is oxidized upon heating. The theoretically estimated activation energies of the two processes are 0.89 eV for desorption and 0.84 for oxidation, obtained from a series of constrained energy minimizations, where the top-CO molecule approaches the closest O atom of the O 2 molecule. Formation of CO 2 at higher temperatures (corresponding to desorption around 500 K, Fig. 4c ) involves decomposition of the Pd(CO 3 )(CO) carbonate complex (Fig. 4II ). This mechanism is observed in molecular dynamics simulations where the temperature is controlled to 500 K by Langevin dynamics.
Conclusion
Pd atoms adsorbed on F-centers of a MgO-(1 0 0) surface are chemically active for the cyclotrimerization of acetylene and the oxidation of 2 (O 2 )) that precede carbon dioxide formation catalyzed by a palladium atom adsorbed on the MgO(1 0 0) film. The peak (I) of spectrum (c) originates from precursor (I) from the reaction between molecularly adsorbed oxygen and one of the CO molecules (top-CO). The peak (II) of spectrum (c) is due to decomposition of a carbonate complex CO 3 in the precursor (II).
CO. The proposed mechanisms are different than those observed on solid palladium. For the cyclotrimerization the formation of benzene starting from the intermediate Pd/MgO(F 5c )(C 4 H 4 )(C 2 H 2 ) is the rate determining step with an activation energy of 0.98 eV. Due to the Pauli repulsion the product molecule immediately desorbs from the nanocatalyst. In contrast on solid palladium the desorption of benzene is the rate determining step and its activation energy is strongly dependent on the C 6 H 6 coverage [28] . For the oxidation of CO, in contrast to bulk palladium [38] , the oxygen molecule is not dissociated prior to the reaction and two precursors, Pd/MgO(F 5c )(CO 3 )(CO) and Pd/MgO(F 5c )(CO) 2 (O 2 ), are involved in the oxidation reaction.
